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ABSTRACT 
The effect of aluminum concentrations on the s t r e s s  corrosion 
susceptibility of a -titanium in aqueous 3-percent NaC 1 sal t  environments 
a t  ambient tempera ture  was studied. Five experimental alloys with 
aluminum concentrations f r o m  5. 0 to  7. 0 weight percent were  tested in 
equiaxed and quenched a-phase microstructures .  Susceptibility to s t r e s s  
corrosion cracking was found to increase  very rapidly above 5 . 5  weight 
percent Al. Transmission electron microcopy studies were  conducted to  
measure  the stacking energies of titanium-aluminum alloys containing 
5 . 0  to 8. 5 weight percent Al .  The most  reliable measurement  was 
obtained with the highest aluminum alloy, Ti-8. 5 weight percent A l ,  
2 
which had a stacking fault energy of 9. 9 ~t 0. 5 e r g l c m  . It i s  postu- 
lated that the coplanar p r i s m  slip observed with increasing aluminum 
concentration i s  pr imar i ly  responsible for  s t r e  ss-corrosion crack  
initiation, while decreasing stack fault energy with increasing aluminum 
concentration would explain the basal-  or  near  basal-plane cleavage 
observed i n  s t r e s s  corrosion cracking of alpha and alpha-beta titanium 
alloys. 
An analysis was made of the effect of a s t r e s s  field a t  450 O F  and 
600°F precipitation of hydrides in pure t i tanium containing 0. 76 percent 
hydrogen. Two possibilities that would explain the presence of la rge  
precipitates in  pure titanium with the hydrogen content considerably below 
the solubility l imit  were  considered: 
A. The effect of p res su re  on a / a + Y  phase boundary in  Ti-H. 
B. The effect of defect s t ructure introduced by creep processes .  
The estimated shift- in the solubility equilibrium curve was found 
to  be negligible and c lear ly  indicates that the large gamma hydride 
precipitates observed in  a-ti tanium did not occur during the s t ress ing  cycle. 
It s eems  logical to  assume that the dislocations introduced into the a -titanium 
during the s t ress ing  cycle served a s  nucleation s i tes  for gamma hydride 
precipitates during the quenching cycle. It was found that the habit plane of 
gamma hydride precipitates was predominately (1 010 ). 
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1 .0  INTRODUCTION AND SUMMARY 
Astropower  Labora to ry  h a s  been engaged i n  a NASA-sponsored 
r e  s e a r c h  p r o g r a m  t o  develop fundamental  knowledge about the  mechan i sm  of 
s t r e s s  co r ro s ion  cracking (SCC) of t i t an ium al loys  in  aqueous solutions. 
Study of the  behavior of alpha and a lpha-beta  a l loys  w a s  emphas ized  because  
of t he i r  known suscept ib i l i ty  to  SCC. Both a l loys  a r e  used fo r  propel lant  
tankage m a t e r i a l s  a s  well  a s  f o r  a i r c r a f t  t r a n s p o r t  applicat ions that  r equ i re  
a high degree  of s t r uc tu r a l  re l iabi l i ty  with negligible probabi l i ty  of sudden 
fa i lu re .  
Resu l t s  obtained on th i s  investigation,  p r i o r  t o  the c u r r e n t  year ,  
have been p resen ted  i n  detai l  i n  Yearly S u m m a r y  Repor t s  SM-49105-F1, 
SM-49 1 0 5 - F 2  and SM-49 105-F3. 
Studies during the  c u r r e n t  con t rac t  y e a r  include 
A. Investigate the influence of a luminum concentrat ion on the  
s t r e s s  co r ro s ion  susceptibi l i ty of cu-titanium a t  ambient  
t empe ra tu r e .  
B. M e a s u r e  the stacking fault  energy  of b inary  cu-titanium al loys  
a s  a function of a luminum content and r e l a t e  this  to SCC 
susceptibi l i ty,  
C. Investigate the ef fects  of s t r e s s  and t empe ra tu r e  on hydrogen 
diffusion and hydr ide  precipitat ion i n  alpha and in  a lpha-beta  
t i t an ium al loys  t o  define the role of hydrogen embr i t t l ement .  
The effect of a luminum concentrat ion on the  s t r e s s  co r ro s ion  susceptibi l i ty 
of 0 - t i t an ium in  aqueous 3 -percen t  NaC1 s a l t  solution was  stud.ied.. S t r e s s  
co r ro s ion  t e s t s  using par t ia l - through-  c r a c k  spec imens  showed suscept ib i l i ty  
i n c r e a s e s  ve ry  rapidly above 5. 5 weight pe r cen t  aluminum. Even in  the  
concentrat ion range of 5. 0 t o  5. 5 weight pe r cen t  Al, complete  immuni ty  t o  
s t r e s s  co r ro s ion  cracking w a s  not observed.  
The dislocation a r  rangeme-nt in  de formed  t i tanium-aluminum alloys 
changes f r o m  dislocation tangles  in T i -4 .  5 weight pe rcen t  A1 t o  p lanar  
groupings in  a l loys  containing higher  Al. Studies w e r e  ini t iated to  m e a s u r e  
the stacking fault ene rg i e s  of t i tanium-aluminum containing 5. 0 t o  8. 5 weight 
pe rcen t  Al. The mos t  re l iable  m e a s u r e m e n t s  w e r e  considered t o  be 
obtained with Ti-8.  5 weight pe rcen t  Al. F o r  th i s  al loy a value of 
L 9-9 * 0.5 e r g / c m  was obtained. The stacking fault  m e a s u r e d  w a s  fo r  the 
react ion 
More p r e c i s e  m e a s u r e m e n t s  a r e  needed t o  show the  effect of a luminum 
concentrat ion on stacking fault energy  in  cu-titanium. 
An ana lys i s  was  made of the  effect  of a s t r e s s  f ield a t  4 5 0 ° F  and 
6 0 0 ° F  precipi ta t ion of hydr ides  in  pure  t i t an ium containing 0.  76 pe r cen t  
hydrogen. Two poss ibi l i t ies  that  would explain the  p r e s s u r e  of l a r g e  
p rec ip i t a tes  in pure  t i t an ium with the hydrogen content considerably  below 
the solubil i ty l imi t  w e r e  considered:  
A. The effect of p r e s s u r e  on c u l c u t Y  phase  boundary i n  Ti-H; 
B. The effect of defect s t r uc tu r e  in t roduced by c r e e p  p r o c e s s e s .  
The es t imated  shift in  the solubil i ty equ i l ib r ium curve was  found 
to  be negligible and c l ea r l y  indicated tha t  the  l a r g e  gamma hydride 
p rec ip i t a tes  observed  in  cu - t i tanium did not occur  dur ing the s t r e s s i n g  cycle.  
It s e e m s  logical  t o  a s s u m e  that  the dis locat ions  in t roduced into the  
cu-titanium dur ing the s t r eh s ing  cycle  s e r v e  a s  nucleation s i t e s  f o r  g a m m a  
hydride p rec ip i t a tes  during the quenching cycle.  It was  found that  the habit  
plane of gamma  hydride p rec ip i t a tes  was  predominate ly  ( 10 10 } . 
2. 0 EXPERIMENTAL EVALUATIONS 
2. 1 Effect of Aluminum Concentrat ion on S t r e s s  Cor ros ion  
Susceptibi l i ty of 0 - t i t an ium 
The effect  of a luminum concentra t ion on the s t r e s s  co r ro s ion  
suscept ib i l i ty  of a - t i t an ium i n  aqueous 3 -percen t  NaC 1 s a l t  environments  a t  
ambient  t e m p e r a t u r e  was  studied. Five  exper imenta l  a l loys  with a luminum 
concentra t ions  f r o m  5. 0 t o  7. 0 weight pe r cen t  w e r e  t e s t ed  in  equiaxed and 
quenched a -phase  m i c r o s t r u c t u r e s .  
Aluminum plays  a n  impor tan t  ro le  in the  dislocation a r r a n g e  - 
ment  in  cu-titanium. Inc reas ing  the  a luminum content above 4. 5 weight 
pe rcen t  A1 changes dislocation pa t t e rns  f r o m  dislocation tangles  t o  coplanar  
a r r a y s .  Studies w e r e  ini t iated t o  m e a s u r e  the stacking fault ene rg i e s  of 
t i tanium-aluminum al loys  containing 5. 0 t o  8. 5 weight pe rcen t  A1 and to  
re la te  th i s  t o  S CC susceptibi l i ty.  
2. 1. 1 S t r e s s  Cor ros ion  Cracking of Titanium- 
- Aluminum Allovs 
Five  exper imenta l  t i tanium-aluminum alloys w e r e  
vacuum a r c  c a s t  a t  Ti tanium Meta l s  Corp .  of Amer i can  (TMCA) with the 
following nominal  a luminum concentrat ion:  
Ti-5.  0 A1 
Ti-5.  5 A1 
Ti-6 .  0 A1 
Ti-6 .  5 A1 
T i -  7. 0 A1 
Eighth-inch shee t  m a t e r i a l  was  p r e p a r e d  by the  
following fabr ica t ion sequence:  Ingots w e r e  fo rged  to  3- inch squa re  f o r m  i n  
the t empe ra tu r e  range 2100 to 2200°F,  cut into 1-112 inch thick b a r s ,  and 
rol led  to 118 by 4 inches in the t empe ra tu r e  range 1900 to 2000°F. 
F igu re  1 shows a typical  ro l led  t i tanium-aluminum sheet .  Table  I  shows 
the  ave r ages  of chemical  ana lyses  taken f r o m  rol led  sheet .  
Specimens fo r  s t r e s s  co r ro s ion  s tudies  and 
mechanical  p rope r t i e s  we re  taken f r o m  the  longitudinal d i rect ion of rolling. 
The spec imens  w e r e  vacuum annealed,  t o r r  a t  1500 OF, for  two hours  
F i g u r e  1, P h o t o g r a p h  of 118-Inch  Rol led  T i t a n i u m - A l u m i n u m  Alloy 
Shee t  f r o m  A r c - C a s t  Ingot 
a n d  then  w a t e r  quenched .  The  m e c h a n i c a l  p r o p e r t i e s  of the e x p e r i m e n t a l  
a l l o y s  a r e  shown in  Tab le  11. 
S t r e s s  c o r r o s i o n  c r a c k i n g  e x p e r i m e n t s  w e r e  p e r -  
f o r m e d  us ing  p a r t i a l - t h i c k n e s s  c r a c k  ( P T C )  s p e c i m e n s .  Suff icient  d a t a  e x i s t  
to show tha t  the d e t e r m i n a t i o n  of p l a n e - s t r a i n  f r a c t u r e  t oughness  p r o p e r t i e s  
d o e s  not depend on  g r o s s  s p e c i m e n  conf igu ra t ion  when a P T C  s p e c i m e n  i s  
u sed ,  a l though t h e r e  a r e  s o m e  l i m i t a t i o n s  i m p o s e d  when  the r e s u l t i n g  d a t a  
a r e  to be t r e a t e d  by the l i n e a r  e l a s t i c  f r a c t u r e  m e c h a n i c s .  T h e s e  l i m i t a t i o n s  
a r e  tha t  (1)  the  c r a c k  dep th  should  not e x c e e d  half the t h i c k n e s s  of the m a t e r i a l  
a n d  ( 2 )  the  a r e a  of the sha l low c r a c k  should  be l e s s  t han  10 p e r c e n t  of the 
g r o s s  c r o s s  s e c t i o n a l  a r e a  of the t e s t  s p e c i m e n .  
The  e f f ec t  of c r a c k  s h a p e  on  the c r i t i c a l  s t r e s s  
i n t ens i ty  K i s  u sua l ly  accoun ted  f o r  i n  c a l c u l a t i o n s  us ing  P T C  t e s t  r e s u l t s  IC 
by m e a n s  of the p a r a m e t e r  Qi a s :  
w h e r e  
a- = g r o s s  f r a c t u r e  s t r e s s  
u = 0.  2 p e r c e n t  y ie ld  s t r e n g t h  
Y 
a  = dep th  of s u r f a c e  c r a c k .  
The  s h a p e  p a r a m e t e r ,  a ,  i s  a c o m p l e t e  i n t e g r a l  a s :  
w h e r e  c  i s  the  s u r f a c e  ha l f  l eng th  of the c r a c k .  The  i n t e g r a l  i s  so lvab le  by 
a n  inf ini te  s e r i e s  but i s  equ iva l en t  to  the e m p e r i c a l  r e l a t i o n s h i p  deve loped  
a t  McDonnel l  Douglas  
a 1 .650  + 
= 4 . 5 9 3 ( ~ )  ( 3  
The  c r i t i c a l  s t r e s s  i n t ens i ty  d e s c r i b e s  the e f f ec t  of f l aws  o n  the r e s i d u a l  
s t r e n g t h  of a m e m b e r  a t  s t r e s s  l e v e l s  l e s s  than the y ie ld  s t r e n g t h .  At  
T a b l e  I  
CHEMICAL ANALYSIS O F  TITANIUM-ALUMINUM BINARY 
VACUUM A R C - M E L T E D  INGOTS ( P E R C E N T  WEIGHT) 
Al loy  A1 Fe  0 N 
Table  I1 
MECHANICAL PROPERTIES O F  TITANIUM-ALUMINUM ALLOYS 
Ul t ima te  E l a s t i c  
0 .  2 P e r c e n t  Yield Tens i l e  Modulus El 
Alloy ( k s  i  ) ( k s i )  ( x  l o 6 )  ( p e r c e n t )  
A v e r a g e  of t h r e e  s p e c i m e n s .  
s t r e s s e s  above  the y i e ld  s t r e n g t h ,  the  e l a s t i c  a n a l y s i s ,  which  f o r m s  the b a s i s  
of the e x p r e s s i o n  f o r  s t r e s s  in tens i ty ,  f a i l s  to  accoun t  f o r  the l a r g e  p l a s t i c  
s t r a i n s  and  Equa t ion  ( 1 )  no l o n g e r  d e s c r i b e s  the o b s e r v e d  b e h a v i o r .  
T h e  f a c t o r  1. 2  1  i n  Equa t ion  ( 1 )  i s  in tended  to  
a c c o u n t  f o r  the  e f f ec t s  on  s t r e s s  i n t ens i ty  of the  i n t e r f e r e n c e  in  the  s t r e s s  
f ie ld  c a u s e d  by the f r e e  s u r f a c e  of the m e m b e r  i n  which  the  s u r f a c e  c r a c k  
e x i s t s .  The  a c t u a l  va lue  of the magn i f i ca t ion  f a c t o r  should  v a r y  wi th  c r a c k  
s h a p e  a n d  with p r o x i m i t y  of the d e e p e s t  p a r t  of the  c r a c k  to the back  s u r f a c e .  
F o r  c r a c k s  up to about  50 p e r c e n t  of the m e m b e r  t h i c k n e s s  i n  depth,  the 
a c t u a l  va lue  of the f a c t o r  i s  c l o s e  to 1.  1 .  F o r  c r a c k s  d e e p e r  t han  50 p e r c e n t  
of the t h i c k n e s s  of the m e m b e r ,  however ,  the f a c t o r  i n c r e a s e s  beyond 1. 1. (2  
The  r e c o m m e n d a t i o n s  of ASTM c o m m i t t e e  E - 2 4  
a r e  that  the t h i c k n e s s  of a p a r t i a l - t h r o u g h  c r a c k  s p e c i m e n  s h a l l  be  g r e a t e r  
t han  2 .  5  ( K ~ ~ ) 2  . F o r  t h e s e  e x p e r i m e n t a l  t i t a n i u m  - a l u m i n u m  a l loys ,  t h i s  
uYs 
would r e q u i r e  t h i c k n e s s e s  g r e a t e r  t han  1  inch  i n  o r d e r  to  obta in  p lane  s t r a i n  
condi t ions  a t  r o o m  t e m p e r a t u r e .  However ,  if the a r t i f i c i a l  f l aws  in t roduced  
W W 
m e e t  the fol lowing r e q u i r e m e n t s  a < P/2, 2Co 5 3, and  - >6, c r a c k  g r o w t h  
0 P 
wil l  a t t a i n  c r i t i c a l  s i z e  u n d e r  condi t ions  of p lane  s t r a i n  f o r  p l a t e s  with th ick-  
n e s s e s  l e s s  than  t h o s e  spec i f i ed  by c o m m i t t e e  E - 2 4 .  The  s u r f a c e  c r a c k e d  
s p e c i m e n  conf igura t ion  u s e d  f o r  s t r e s s  c o r r o s i o n  c r a c k i n g  e x p e r i m e n t s  i s  
b a s e d  on  the above  r e q u i r e m e n t s  a n d  i s  shown in  F i g u r e  2.  Semie l l i p t i ca l ly  
shaped  s u r f a c e  f l aws  wi th  a p p r o x i m a t e  d i m e n s i o n s  of 2c  = 0 .  25 inch  a n d  
a = 0. 050 inch  w e r e  m a d e  by a d i s c h a r g e  m a c h i n e  a n d  low s t r e s s  fa t igue .  
0 
The  in i t i a l  s t r e s s  i n t ens i ty  f a c t o r ,  K ., w a s  I 1  
m e a s u r e d  us ing  the load  s u s t a i n e d  i n  the t e s t  a n d  the in i t i a l  c r a c k  d i m e n s i o n s .  
Va lues  of i n i t i a l  s t r e s s  i n t ens i ty  f a c t o r ,  KIi ,  m e a s u r e d  in  3 - p e r c e n t  s a l t  
so lu t ion  ( N a C l )  a t  a m b i e n t  t e m p e r a t u r e  wi th  v a l u e s  obta ined  in  a i r  a r e  shown 
i n  Tab le  I11 f o r  the f ive e x p e r i m e n t a l  a l l o y s .  F i g u r e  3 s h o w s  the in i t i a l  s t r e s s  
i n t ens i ty  f a c t o r ,  KI i, f o r  t he  f ive e x p e r i m e n t a l  a l l o y s  i n  3 - p e r c e n t  NaCl 
so lu t ion  a s  a func t ion  of t i m e - t o - f a i l u r e  a n d  the s u s t a i n e d  load  t e s t s  i n  air  
a t  a m b i e n t  t e m p e r a t u r e  f o r  the  t i t an ium al loy,  5. 5  weight  p e r c e n t  Al.  
T i t a n i u m  a l loys  3 and  4 with a l u m i n u m  con-  
c e n t r a t i o n s  r ang ing  f r o m  6. 1 to  6. 75 weight  p e r c e n t  w e r e  found to  be v e r y  
s e n s i t i v e  t o  s t r e s s  c o r r o s i o n  c r a c k i n g  a t  a m b i e n t  t e m p e r a t u r e  i n  3 - p e r c e n t  

Tab le  111 
E F F E C T  O F  ALUMINUM CONTENT ON STRESS CORROSION 
O F  @-TITANIUM IN 3 - P E R C E N T  N a C l  
K ~ i  T i m e  S p e c i m e n  t o  
N u m b e r  A 1  E n v i r o n m e n t  k s i c n  F r a c t u r e  
A i r  
A i r  
3  P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
3 P e r c e n t  N a C l  
A i r  
A i r  
A i r  
A i r  
A i r  
3 P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
3 P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
A i r  
3  P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
3 P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
A i r  
3  P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
3 P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
3  P e r c e n t  N a C l  
2  rnin 
2 rnin 
8. 5  rnin 
2 5  rnin 
2 hr:I: 
6  rnin 
50 rnin 
2 . 8  h r  
100 hr:: 
15  s e c  
30 s e c  
30 s e c  
2  rnin 
72 rnin 
4. 7  h r  
7 2 . 4  h r  
100 hr::: 
12 .  5  rnin 
65  rnin 
150 rnin 
7  5  h  r : 
33 rnin 
1 1  rnin 
72 rnin 
- 
30 s e c  
1 . 0  rnin 
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T i m e  to  Fa i lu re ,  H r  
F igu re  3. Effect of Initial S t r e s s  Intensity on T ime- to -F rac tu r e  fo r  Titanium- 
Aluminum Alloys i n  3-percent  NaC 1 a t  Ambient Tempera tu r e  
NaCl. Titanium alloys 1  and 2 containing 5. 2 to 5. 5  weight percent  A1 were  
found to be considerably  l e s s  suscept ible  to s t r e s s  co r ro s ion  cracking than 
alloys 3, 4 and 5. 
F r o m  these  susta ined load tes t s ,  i t  i s  evident that 
a luminum concentrat ion i nc r ea se s  susceptibil i ty to SCC in  a- t i tanium ve ry  
rapidly above 5. 5  weight percent  A l .  Even i n  the concentrat ion range 5. 0 to 
5. 5  weight percent  Al, complete immuni ty  to s t r e s s  cor ros ion  cracking was 
not observed.  When the s t r e s s  intensity fac tor  was i nc r ea sed  above 
34 k s i  &, the t ime-to-fa i lure  was reduced considerably i n  3-percent  NaCl 
solution fo r  these  two alloys. F igures  4 and 5  a r e  e lec t ron  f rac tographs  of 
specimens 2-3 and 2-8, which we re  f rac tured  a t  35. 0 k s i  6. i n  a i r  and 
3-percent  NaCl respectively.  In F igu re  4, a  ductile m ic ros t ruc tu r e  i s  observed 
a t  a c r ack  or igin  in  a  spec imen  f r ac tu r ed  in  a i r ,  whereas  br i t t le  cleavage i s  
observed a t  the c r a c k  or igin  i n  a  spec imen  f r ac tu r ed  in  3-percent  NaCl. 
F i g u r e  4, E l e c t r o n  F r a c t o g r a p h  of Ti -5 .  5  Weight  P e r c e n t  A 1  F r a c t u r e d  
i n  A i r  Showing Ducti le  F a i l u r e  (Magnif ica t ion  7, 500X) 
F i g u r e  5. E l e c t r o n  F r a c t o g r a p h  of S t r e s s  C o r r o s i o n  Region of T i - 5 . 5  
Weight P e r c e n t  A 1  F r a c t u r e d  in  3 - p e r c e n t  Sa l t  Solut ion 
Showing Cleavage  F a i l u r e  (Magnif icat ion 7, 500X) 
2 . 1 . 2  Stacking Fau l t  Energ ies  in Ti- A1 Alloys 
The dislocation a r r angemen t  in  deformed Q - t i t an ium 
alloys changes f r o m  dislocation tangles  in Ti-4.  5 weight percen t  A1 to planar  
groupings predominately on p r i s m  planes,  ( 3 )  in al loys containing m o r e  
aluminum. Since a luminum m a y  have a n  influence on the stacking fault 
energy (SE'E), a  study of S F E  and dislocation in teract ion of a-t i tanium alloys 
was initiated. An at tempt  will be made  to co r r e l a t e  these  r e su l t s  with s t r e s s  
co r ro s ion  susceptibility. 
There  a r e  s eve ra l  methods  of es t imat ing stacking 
fault  energ ies  in me ta l s .  These  include methods employing the  m e a s u r e m e n t  
of m a t e r i a l  p roper t i es  ( such  a s  the  s t r a in  r a t e  dependence of T3, the t ex tures  
produced by deformat ion,  and the measu remen t  of X-ray peak sh i f t s )  and 
methods that  m e a s u r e  defect p a r a m e t e r s  by d i rec t  observation of defects 
( such  a s  extended dislocation nodes,  dislocation double r ibbons,  and the 
shr inkage r a t e  of faulted and unfaulted dislocation loops) .  Gallagher and Liu  (4)  
have compared  the accu racy  of the  different  methods and have concluded that  
the mos t  re l iable  techniques a r e  those  that  m e a s u r e  the defect d i rect ly .  
The measu remen t  of dislocation nodes was used in 
\ 
this  investigation. There  a r e  t h r ee  methods ( 5 ~  6' 7 ,  fo r  calculat ing S F E  f r o m  
dislocation nodes now being used.  ~ a l l a g h e r ' ~ )  has  shown that  the methods 
Brown and Tholen ( 5 )  and S iems  ( 6 )  a g r e e  ve ry  closely and probably give 
bet ter  r e su l t s  than that  of Jossang e t  a l .  1 7 )  F o r  these  r ea sons ,  only the 
method of Brown and Tholen was  used  for  calculating stacking fault  energy .  
The exp re s s  ion fo r  calculating stacking fault energ ies ,  according t o  Brown 
and Tholen, i s  a s  follows: 
i ( 0 . 0 1 8  (2) 1 - v  + 0.36 (L) 1 - br cos  2ff 1 log$] 
where  
Y = the  stacking faul t  energy in e r g l c m  
2 
w = the inscr ibed radius  in c m  
b = the B u r g e r ' s  vector  of the  par t i a l  dislocation e lement  
v = Po i s son ' s  r a t i o  
CY = the  angle between b and the  tangent t o  dislocation e lement .  
Q = 0' for s c r e w  nodes and 90" f o r  edge nodes.  
P = the  rad ius  of cu rva tu r e  of the  node 
E = the cutoff r ad ius  
The re  has  been l i t t le  effort  to  date  t o  m e a s u r e  the  
stacking fault energy of hexagonal c lose  packed m e t a l s  and a l loys .  E r i c s son  (9) 
m e a s u r e d  the SFE of two Ni-Co a l loys ,  Ashee and Vassamil le t  ( l o )  a  CU- ~a 
alloy,  and Ruff and l v e s ( l l )  a  s e r i e s  of Ag- Zn a l loys .  The stacking fault  
energy ha s  been  fo r  the react ion 
This reac t ion  i s  caused by dislocations in the ba sa l  plane dissocia t ing into 
Shockley pa r t i a l s ,  which reduces  the i r  energy.  Their  react ion i s  appl icable  
to the Ti- A1 al loys being considered.  
When photographing nodes f o r  calculat ing SFE ,  low 
! 
o r d e r  Bragg ref lec t ions  should be  chosen in o r d e r  to keep the  dislocation 
width to a  min imum;  a s  higher o r d e r  ref lec t ions  a r e  used ,  the dislocation 
width becomes  wider ,  causing m o r e  e r r o r  in measu r ing  the node. The width 
has  been given by whe lan(12)  a s  t 1i-i whe re  t  i s  the  extinction dis tance  f o r  a 
0 0 
given Bragg reflect ion.  F o r  the dislocation reac t ion  shown above,  Ruff and 
lve s  have shown that  the[2 7 0 0]and[Z 1  1  ~ l r e f l e c t i o n s  a r e  de s i r ab l e  s ince  
the f o r m e r  shows stacking fault con t ras t  and the l a t t e r  shows dislocation l ine  
-L 
con t r a s t .  F u r t h e r m o r e ,  the pa r t i a l  dislocation B u r g e r ' s  vec to r s  bp with the  
+ --. [2 7 0  reflection (2) give In1 = g . b = 213 o r  413, which i s  s h a r p  enough fo r  
good m e a s u r e m e n t .  Unfortunately, the Siemens Elmiskop I  m ic ro scope  u sed  
--. 
fo r  this  study did not have a  t i l t ing s tage  s o  that  the  g ref lec t ion could not be 
control led .  There fore ,  it was  not poss ible  to  e x a m i n e z  in stacking fault  
con t ras t  and dislocation l ine  con t r a s t .  Without th is  abi l i ty  the r e s u l t s  
obtained a r e  much  l e s s  a ccu ra t e .  
Most  of the nodes w e r e  photographed a t  20, 000X 
and enlarged to 100, OOOX o r  350, 000X. These  pr in ts  w e r e  then m e a s u r e d  
under a  7-power s t e r e o  mic ro scope .  The insc r ibed  rad ius  ( w )  was  obtained 
by fitting s tandard  s i z e  c i r c l e s  in the node.  It was  not n e c e s s a r y  to c o r r e c t  
the m e a s u r e d  ( w )  for  tilting of the node, s ince  a l l  t r an smi s s ion  e lect ron-  
m ic rog raphs  w e r e  taken c lose  to the ba sa l  plane.  F igu re  6 shows a  typical  
symmet r i c a l  dislocation node examined in th is  investigation.  The dislocation 
width jd) was  a l s o  m e a s u r e d .  
Figu re  6. Example  of Extended Dislocation Node in  Ti tanium Alloy, 
Ti-8.  5A1 
For this investigation the following values were  
used. in  Equation (4) to  calculate stacking fault energy: G = 4. 8 x 10 in.  
L d.yne 1 c m  . This was not measured, for these alloys s o  the value for the alloy, 
Ti-5A1-2. 5Zn, was selected,. v = 0. 31 r = b = 1. 696. ~ e a r s o n ' l ~ )  gives 
the effect of A1 on the latt ice pa ramete r s  of Ti- A1 alloys. For  the alloys 
being stud.ied, a value of a = 2. 935 was chosen and. b = a143  = 1. 696. Theore- 
t ical  consid.erations give E = b or  b / 2  o r  b /4 ;  the effect of choosing E = b has  
been d.iscussed, by others ( 4 y  7 ) .  This change of a factor of 4 caused. a 20 p e r -  
cent variation i n  ~ a l l a ~ h e r l s ' ~ )  SFE;  however, Gallagher, a s  d,o a l l  other 
investigators,  chose E = b for  h is  reported values of Y, a =  10 d.egrees. 
P r i s m  sl ip  band.s were  available in  most  foils and an estimate could. be mad.e. 
This value averaged. 10 d.egrees. This angle i s  somewhat c loser  to the sc rew 
orientation than Ruff and. Ives repor t  for  Ag- Zn alloys where they found. a 
preference for angles between 10 and. 30 d.egrees, p / w  = 4 . 4 4  for a =  0 and. 
2. 90 for  a = 90 degrees.  Brown and ~ h o l e n ' ~ )  give a theoretical calculation 
of P/w a s  a function of a.  The careful experiments of ~ a l l a ~ h e r ' ~ )  show that 
the measured, p /w i s  close to the theoretical.  Since it i s  much m o r e  d.ifficult 
to m e a s u r e  p than w ,  the theoretical values of p / w  were  used, to  calculate p 
f r o m  lthe experimental measurement  of w .  
Results of calculations assuming screw dislocations 
a r e  shown in Table IV. The l a rge  variation in the measured  values of w i s  
usua l (9) .  Therefore,  the  data were  t reated statist ically by calculating the 
standard deviation (Z) 
r -, 
where wi is  measured value of w for the node i .  T7 is  the mean value of 
measured w .  N is tht total number of nodes measured.  
This standard deviation was then used to calculate 
the change in stacking fault energy ( A y )  when 5 is  added or subtracted f rom 
the mean radius w. The most  reliable. measurements  shown in Table IV were  
obtained with the highest aluminum alloy, Ti-8. 5 Al, which had a stacking 
2 fault energy of 9 .9 & 0.5 e r g / c m  . The rat io  w/d was about 2 .2  for  the 
Ti-8. 5 Al alloy, which according to Gallagher, (8) should. provide reliable 
SFE. More prec ise  measurements  of stacking fault energies a r e  needed. 
however at  the lower aluminum concentrations . 
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Table IV 
CALCULATION RESULTS ASSUMING SCREW DISLOCATIONS 
Number w w W -  - 
of meoan m e x  m i n  s d y s c r e w  
Mater ia l  Nodes A A A A A w/d e r g / c m 2  
I-Iowever, i t  i s  apparen t  that  t he  stacking fault  energy does i nc r ea se  with 
decreas ing  a luminum concentrat ion.  
 son(^^) predic ted the  p re fe rence  of p r i s m  s l i p  
in Ti, Z r ,  and Hf, the  stacking fault  energ ies  of which w e r e  anticipated to  be 
high. A low basa l  plane stacking fault energy,  such  a s  observed  in th is  study 
for  Ti-8.5A1, should s h o d a  pre fe rence  fo r  basa l  s l ip ,  s ince  dislocations 
dissocia te  to f o r m  two par t i a l  dislocations thereby res t r i c t ing  c r o s s  sl ip.  
There fore ,  the p re fe rence  of p r i s m  s l ip  ins tead of basal  s l ip  with increas ing  
a luminum concentrat ion i s  cer ta inly  not obvious. 
Curt is  e t  a l ( l 5 )  has  postulated that  the  occu r r ence  
of coplanar s l ip  i n  a- t i tanium can r e su l t  i n  decreased  SCC because of two 
f ac to r s .  F i r s t ,  coplanar s l ip  can r e su l t  in  l a r g e  no rma l  s t r e s s e s  a t  the  head 
of a dislocation pile-up.  Second, the tendency toward pre fe ren t ia l  s l ip  places  
additiaonal const ra ints  on the ability of the m a t e r i a l  a t  the tip of the c r a c k  to 
deform.  Evidence has  been shown that  t r ansg ranu l a r  cracking in aqueous 
sa l t  solutions in alpha and alpha-beta t i tanium alloys occurs  predominately 
on o r  ve ry  near  basa l  p lanes .  ( I 6 )  It would appea r  that  the  m o r e  dominant 
coplanar  p r i s m  s l ip  i s  mos t  impor tan t  during the initiation of the s t r e s s  co r -  
ros ion c rack .  Decreasing the basa l  plane stacking fault a- t i tanium with 
increas ing aluminum would thus appear  to be a m o r e  important  fac to r  during 
the c r ack  propagation s tage of the s t r e s s  co r ro s ion  cracking p roces s .  
2 . 2  Effect of S t r e s s  and Tempera tu r e  on Hydrogen 
Microsegregat ion and Embr i t t l ement  
At elevated t empe ra tu r e s ,  500 to 650°F ,  where  hot s a l t  
,cracking i s  a problem,  hydrogen diffusion does occur  and plays a significant 
r o l e  in hot sa l t  s t r e s s  cor ros ion .  (18)  ( I 7 )  Gray showed tha t embr i t t l i ng  
effects of hot sa l t  cracking on Ti-8A1- 1Mo- 1 V could be removed by vacuum 
annealing.  
It has  been shown in th is  l abora tory  that  hydrogen diffuses to 
t i tanium and precipi ta tes  a t  high s t r e s s  regions  a t  6 0 0 ° F  and 450' F ( 1 9 )  in 
t i tanium containing 500 ppm t r i t ium.  F o r  beta-forged Ti-8A1- 1Mo- 1 V 
containing 275 ppm t r i t ium,  a n  increas ing  concentrat ion of t r i t ium was  
observed  with increas ing  s t r e s s  a t  the  alpha- beta in te r faces  a t  600°F .  Since 
commerc i a l  t i tanium alloys contain 50 to 150 ppm H and additional hydrogen 2 
can be eas i ly  introduced by forming and process ing operat ions ,  t he se  r e su l t s  
strongly suggest  that  hydrogen embr i t t l ement  could be a s e r i ous  p rob l em 
when localized s t r e s s e s  a r e  p resen t  in elevated t empe ra tu r e  applications.  
Two possibi l i t ies  that would explain the p resence  of l a rge  
precipi ta tes  in pure  t i tanium s t r e s s e d  in the  t empe ra tu r e  range  4 5 0 ° F  to 
6 0 0 ° F  with the  hydrogen content considerably below the solubility l imi t  w e r e  
considered:  
A. The effect of p r e s s u r e  on the  Q / Q  -F y phase  boundary in 
Ti- H. 
B. The effect of defect  s t r uc tu r e  introduced by c r e e p  
p r o c e s s e s .  
As  f a r  a s  could be determined,  t he r e  a r e  no data on the  shif t  
of the  a/cu i y phase boundary in the Ti- H s y s t e m  with p r e s s u r e .  However, 
t he r e  a r e  extensive data  on the effect of p r e s s u r e  on the  y l y  + F e  C phase  3 
boundary in the  Fe -  C sys tem.  Because of the  s imi la r i ty  of the a - t i t an ium 
and p-iron and the p (TiH) and Fe3C phases ,  i t  i s  fe l t  that  exper imental  
r e su l t s  found for  the F e - C  sys t em could be applied to the Ti-H s y s t e m  
to de te rmine  the approximate  accu racy  of thermodynarni  c calculat ions.  
Sufficient thermodynamic data  we re  found in the l i t e r a tu r e  f o r  the Ti-H sys tem 
to calcula te  the shift of the cr/a + y phase  boundary with p r e s s u r e .  
The a ( T i )  and y ( F e )  phases  a r e  both c lose  packed. The 
u ( T i )  phase  i s  hexagonal c lose  pack and the  y ( F e )  phase  i s  face  cen te red  
cubic.  Hydrogen has  ve ry  l i t t le ,  if any,  effect on the l a t t i ce  pa rame te r  of 
a ( T i )  ('O) indicating l i t t le  in teract ion between the  hydrogen and t i tanium a toms .  
In t he  cu l a t t i ce ,  t he se  a r e  two t e t r ahed ra l  holes and one octahedral  hole pe r  
t i tanium a tom with the oc tahedra l  holes being the  l a r g e s t .  The work of 
Hepworth and ~ c h u l m a n n " ~  ) indicates that  t he  hydrogen goes into the sma l l e r  
t e t rahedra l  holes.  
In the  c a s e  of carbon in  gamma i ron,  the  ca rbon  a t o m  m o s t  
l ikely goes into the  octahedral  s i t e s .  (") The phase  d i ag rams  a r e  eutectic 
for the  region of i n t e r e s t  in  both T i -H and Fe -C .  
~ i l l i a r d ' ~ ~ )  has  der ived a n  expres  sion descr ibing the  shift of 
the ?Iry t F e  C boundary in the F e -  C s y s t e m  with p r e s s u r e .  It i s  given by: 3 
Where the symbols  and substi tuted values  a t  727" C a r e  given 
below: 
c~ 
= a tom fract ion of C in y; 0. 0346 
Cc = a t o m  f rac t ion  of C in  F e  C; 0. 25 3 
V, = mola r  volume of Fe ,  C; 23.92 c m  3 
- 
b J 
V = par t i a l  mo la r  volume of F e  in  y ( F e ) ;  7. 17 c m  3 
F e ,  Y 
- 
V = par t i a l  m o l a r  volume of C in y ( F e  ); 4 .47  c m  3 C,Y -7 
R = gas constant;  0.0831 cm3 Kblmol  K 
where  f i s  the  activity coefficient of C in  y (Fe ) .  
C J  Y 
F o r  these  values 
a t  727" C. Hi l l iard  obtained exper imental  values  of the  change in Cy with 
r e spec t  to  p r e s s u r e  and the compar i son  i s  shown in F igu re  7. In the region 
of 0 to 10 Kb,  Equation (4 )  p red ic t s  reasonably well the  var ia t ion  of Cy with 
p r e s s u r e .  
0  10  20 30  4 0  5 0  60  70  
P r e s s u r e ,  kb  
F igu re  7. Plot  of Log Cy ve r sus  P r e s s u r e  Where Cy i s  Atomic F rac t i on  
of Carbon i n  Austenite i n  Equi l ibr ium with F e  C a t  727°C.  The 
in i t ia l  s lope of the curve  was computed f r o m  8q. ( 7 ) ( 2 3 )  
~ i l a n " ~ )  ha s  shown that  the  phases  and m i c r o  s t r u c t u r e s  
produced in F e -  C a l loys  by i so the rma l  t r ans format ion  could be  explained 
en t i re ly  by the  shift of the  d i ag ram with p r e s s u r e .  That i s ,  no phases  w e r e  
produced and no m i c r o s t r u c t u r e s  w e r e  produced a t  high p r e s s u r e  that  a r e  not 
found a t  a tmosphe r i c  p r e s s u r e .  The only di f ference i s  that  the  entectoid 
point i s  shif ted.  
These  exper iments  suggest  that  in the T i -H sys t em,  no 
phases  o r  m i c r o s t r u c t u r e s  should be  fo rmed  under p r e s s u r e  that  a r e  not 
f o r m e d  a t  a tmosphe r i c  p r e s s u r e .  F u r t h e r ,  the shift of the  cu(cr+ y )  phase  
boundary can be  calculated f r o m  thermodynamic p rope r t i e s  and should be 
reasoilably c lo se  to the  actual  shift.  
Since Equation ( 7 )  i s  applicable fo r  equi l ibr ium condit ions,  it 
can  be wr i t t en  in the following f o r m  for  the T i -H sys t em:  
The followjng values  w e r e  substi tuted in Equation ( 8 )  at the  
exper imenta l  t e m p e r a t u r e s  of 600" F and 450°F .  
C ;  = a t o m  f rac t ion  of hydrogen in rr a t  the  f f / c r  + y boundary 
0 .06  a t  6 0 0 ° F  and 0.03 1 a t  450°F .  ( 2 2 a  26)  
a t om f rac t ion  of hydrogen in y a t  t he  (cr -t y )  boundary.  
Gibb and ~ r u s c h w i t z 6 2 7 )  r epo r t ed  that  y with l a t t i ce  
p a r a m e t e r  of 4 .395  A contains 0 .463  a tom f rac t ion  of 
hydrogenb whe rea s ,  ~ a a ~ ( ~ ~ )  r epo r t ed  a l a t t i ce  p a r a m e t e r  
of 4 .397 A with 0 .488 a t o m  f rac t ion  of hydrogen.  An 
ave rage  value of 0 . 47  a t o m  f rac t ion  was  used  in  t h e s e  
calculat ions.  Since t h e r e  a r e  no data  on the ylcr t 7' 
boundary a s  it changes with t e m p e r a t u r e ,  i t  i s  asSCmed 
that  i t  i s  constant .  
= r a t e  of change of the act iv i ty  coefficient with = 0 
hydrogen concentrat ion 
J '  
At 450" F and 6 0 0 D F  ~ c ~ u i l l a n ( ~ O )  and Hepworth and 
~ c h u l r n a n n ( 2 1 )  have shown that  f o r  the a! phase,  the concen- 
t r a t ion  of hydrogen i s  l inear ly  propor t ional  to $p. F r o m  
th i s ,  it i s  apparen t  that  the act ivi ty coefficient i s  independ- 
ent of concentrat ion.  
V y  = m o l a r  volume of y ~ 1 2 . 9 8 4  cm3 a t  6 0 0 ° F  and 12.953 cm3 a t  
4 5 0 ° F .  The phase  i s  fcc  with la t t ice  p a r a m e t e r  4 .396 kx.  
This i s  the room t empera tu r e  p a r a m e t e r  f o r  y in an  a S y 
mix tu re .  If i t  i s  a s sumed  that  t he  volume coefficient of 
t he rma l  expansion fo r  y i s  the  s a m e  a s  that  for  Q ,  the  unit 
cell  volume calculated a t  4 5 0 ° F  and 6 0 0 ° F  i s  86. 065 and 
86. 270 ~ 3 .  F r o m  these  unit ce l l  volumes,  the  mo la r  
volume can be calculated s ince  t h e r e  a r e  4 molecu les /un i t  
ce l l .  Although this  a s  sumption m a y  not be  a valid assump-  
tion, i t  should not introduce a significant e r r o r  in the 
calculation of the  mo la r  volume. 
- 3 
v ~ i ,  CY 
= par t i a l  mo la r  volume of Ti in a = lo .  270 c m  a t  600" F ,  
10. 690 cm3  a t  450°F .   earso on(^^) gives the  la t t ice  dimen- 
sions of CY a t  r o o m  t empera tu r e  a s  a=2 .  943 c=4 .  6728 kx and a t  
5 7 6 " F a s  a-2 .952 c-4.690.  Gren ie r  and ~ l l i s ( ~ 9 )  showed the 
t he rma l  expansion to be l inear  between 30 and 200" C. As sum- 
ing a l inear  coefficient of expansion, the  l a t t i ce  p a r a m e t e r s  
for  a- t i tanium a r e  a ~ 2 . 9 5 8  A and c=4.700 A a t  600" F and 
a = 2 . 9 5 6 A  and c=4 .695A a t  450°F .  
.- 3 
= par t i a l  mo la r  volume of H in a- t i tanium = 0. 620 c m  a t  600" F VH'CY and 0. 242 cm3 a t  450°F .  ~ c ~ u i l l a n ( ~ ~ ) r e ~ o r t e d  that  the  
la t t ice  p a r a m e t e r s  of a a r e  independent of hydrogen content 
throughout the  solubility range.  This r e s u l t  along with t he  
CY 
values of CH repor ted  above w e r e  used to calculate VHta .  
Substituting the  above values in Equation (8 ) ,  the  
In both c a s e s ,  the  solubility of hydrogen i n  a- t i tanium 
inc rea se s  with p r e s s u r e .  
F r o m  the  thermodynamic calculation,  10 Kb should i nc r ea se  
the solubility of hydrogen in  alpha f r o m  0. 06 to 0. 064 and f r o m  0. 03 1 to 0. 037 
a tom f rac t ion  a t  450°F .  If a t r i ax ia l  s t a te  equal to the yield s t r e s s  i s  a s s u m e d ,  
then a p r e s s u r e  of only about 1 Kb can be rea l ized  in pure  a-titanium. The 
shift in the solubility equi l ibr ium curve would, the re fore ,  be considerably  
l e s s  than these  values .  
These  r e su l t s  c lea r ly  indicate that  the  l a r g e  gamma hydride 
precipi ta tes  observed  in a- t i tanium,  s t r e s s e d  a t  4 5 0 ° F  and 6 0 0 ° F ,  did not 
occur  during the  s t r e s s ing  cycle because  of a shift in the solubility 
equi l ibr ium curve .  
If the gamma hydride precipi ta tes  a r e  not formed during the 
s t ress ing  cycle,  they mus t ,  therefore ,  f o r m  during the quenching cycle.  
Since the uns t ressed  CY- t i tanium showed only fine precipi ta tes  when rapidly 
quenched, it s e e m s  logical  to a s s u m e  that the l a rge  precipi ta tes  f o r m  during 
quenching a t  defect s i t es  which a r e  introduced into a- titanium during the 
s t ress ing  cycle.  
In the deformation of unalloyed titanium, a number of s l ip  
and twinning sys tems  have been observed. At room tempera ture ,  both s l ip  
and twinning sys tems  a r e  act ive.  Slip occurs  on the (0001) <1120>, ( 1 0 i 0 )  
<1120>, and ( 1 0 i l )  <1120>. (30,31, 32) Increasing tempera ture  tends to favor 
s l ip .  It has been shown by Jones,  e t  a l .  (33)  that the p r i m a r y  s l ip  sys t em of 
a - t i t an ium in the tempera ture  range of ambient to 800°F  i s  { 1 0 i 0 ) < 1 0 ~ 0 > .  
An X-ray examination of l a rge  grain  s ize  a! -t i tanium shown 
in F igure  7 identified that  the p r imary  habit plane for gamma hydride 
precipitates i s  (1 01 0). The angles between hydride platelets in mic ro -  
autoradiographs shown previously,  ( I 9 )  were  60".  indicating that  the p r i s m  
planes a r e  the habit planes for  gamma hydride precipitation. 
Since tapered rod specimens were  used in these  experiments ,  
it was not possible to m e a s u r e  the c r eep  r a t e  during the s t ress ing  cycle.  
However, it s e e m s  logical  to a s s u m e  that the dislocations generated during 
the s t ress ing  cycle on (10 i0 )  p r i s m  planes s e rve  a s  nucleating s i t e s  for  
gamma hydride precipitation during the quenching cycle. 
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